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THE INORGANIC INSULATOR PROGRAM AT LASL*
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INTRODUCTION

It is the responsibility of this program to address

critical and generic materials problems associated with the use of

ceramics in fusion reactors. These materials are primarily used

;S electrical insulators, and the most severe problems result from

the presence of radiation fields characteristic of fuSiOn de. ices.

Thus the focus of this work is for the ❑ost part on radiation

effects in ceianics.

fie program is made up of two projects. In the first,

experiments arc conducted to determine electrical and structural
.
changes resulting from neutron and ionizing radiation. The

second involves calculation of damage effects in compounds and the

dependence of this damage on neutron energy. ‘.%ese activities are

outlined in Sections I end II of this report. .

1, EXPERIMENTAL PROGRAM

Sixmsjor applications for ceramics in fusion devices have

beer identified: (1)

e

●

e

●

●

●

Insulators for magnetic coils

The toroidal current break

Neut:al beam injector insulators

Dielectrics for RF heating systems

Direct crnverter insulators

First wall (including structure, armor,

limiters, and collectors).

Those partti of the LASL program that address the use of inorganic

insulators for magnets

*W~rk pcrfoyrned under

Energy.

are the subject of this paper.

the uuepices of the U. S. Department of
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Six crit; cal and generic ceramic pr~blcm areas, three

structural and three electrical, are apparent fol- fusi:lr appli -

cationa:

●

●

●

●

●

●

Swelling

Strength degradation

Reduction of thermal conductivity

Decrease in electrical resiativi~y

Reduction of dielectric strength

Increase in lose factor (for RF applications).

All but the last are of concern for magnetic coil applic~tions, and

are discussed below.

Swelline

At elevated irradiation temperature, swelling results

from the creation of new lattice sites (e.g., by conversion of

. displacement-inducud interstitial to lattice atoms and stabi-

lization of vacancies in voids). At room temperature and below

thiemechaniam operates less efficiently, but significant swelling

can result from lattice dilation induced by finelv-dispersed

defects. Resultsof two low-temperature ~welling studies conducted

at LASL are described here.

MgO and MgA1204 are candidate ceramics for high-dose

applications because of their cubic lattice structure (which

minimizes problems associated with anisotropic dimensional

chan8ee). Samples of these materials were ~rradiated to fluences

of -2.1 ~ 1026 fast n/m2 (E>O.2 MeV) and+4.6 x 1026 thermal n/m2

at 155°C, 8eneratin8 damage levels which might be encountered in

the poorly-shielded diverter coil of a power rc~ctor. Resu?.tin8

swelling values are: (2)

Mgo 2.8voI X

MsA1201; 0.8v01 Z,

TLM examination ohowed the defect structure of each to be char-

acterized by fine defect aggregates anti dislocation lorvs. The

magnitude of the observed swelliug may be ~ufficient to cal’se

significmt dimensional changes in magnetic coils,
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MACOR~ machinable glass-ceramic is an attractive material

for magnet applications, but is sensitive to radio lysis (struc-

tural damage induced by ionizing radiation or by the ionizing

component of neutron energy loss). Electron irradiation studies

near room temperature conducted in the electron microscope show

visible structural damage at -1010 Gy. However, little or no

damage is seen after irradiation at RT to _l~22 14 MeV n/m2,

corresponding to -107 Gy, and no swelling is observed. (3,4) If

swelling does not worsen at cryogenic temperatures, MACOR would,

by the swelling criterion, be ~’seful for such applications aq the

toroidal field (TF) coil.

~trength

Strength of ceramice varies directly with fracture tough-

ness, inversely with critical flaw size, and is degraded by

internal stresBes. Of greatest concern for a polycrystalline

ceramic is anisotropic swelling, which usually results from a non-

cubic crystal structure or the presence of dissimilar phasea.

‘Such swelling can result in high internal stresses and ultimately

ir microcracking. On the other hand, fracture toughness of

ceramics may actually increase, as cracks are pinned by irradia-

tion-induced defects.(s)

I’reliminary tensile strength ❑easurements for M@ and

MgA1204 irradiated at 155°C (to the fluences described earlier)

show the following strength increases: (2)

Mgo -18%

MgA1204 -21%

This good performance is encouraging, but it ❑ust be recalled that

very high stresses can result from swelling unless dimensional

changes can be accommodated by coil design.

Bend ntrength of MACOR ●fter irradiation to 1022 !4 MeV

n/m2 at RT showed essentially no change, (4) consistent with

hwclling and electron microscopic obaervationa.

*A product of Corning Glans Works, Corning,, NY.
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Thermal Conductivity

IIcat is primarily conducted by phonons ;n :; {l~Li i , : lly -

insulating ceramic. Radiation-induced defects scatter phor!nns and

therefore reduce thermal conductivity, with fine-:;calr (!:lnage

being the ❑ost delccerioua at room temperature and above. (At

cryogenic temperatures the greater phonon mean free path results

in strong scattering by larger, more widely-spaced defects. ) Thus

degradation of thermal conductivity increases with increasing close

and decreasing irradiation (or measurement) temperature. However,

sensitivity to damage is less at higher fluences (Fig. 1).(6) The

lower limit for degradation (unless microcracking occurs) is

reached when phonon mean free path is reduced to the interatomic

spacing (+3 ~), at which point the thermal conductivity approxi-

mates that of a glassy structure.

Large decreases in thermal conductivity are anticipated

for insulators in divertor coils, where fluences will be high and

temperatures relatively low. At the much smaller radiation d~ses

-expected beyond the shield (e.g., at TF coils), room-temperature

reductions should be small; no decreaces were observed in the

irradiated MACORdescribed earlier. (4) However, degradation might

be significant at cryogenic temperatures.

Electrical R?sistivity. ——

Post-irradiation measurements in A1203 show an increase in

electrical resistivity, ~pparently due to defect-induced scatter-

ing or trapping of electronic charge carriers.(7) A slight

decreaee in reaiativity wae obeerved in MACOR after irradiation

to -1022 n/m2 at RT (Fig. 2),(8) perhapa re~(JltiIlg from changes

in ionic conductivity OF the glassy matrix.

Reaiativity decreaeee significantly during irradiation,

ae absorption of ionizing energy enhancea the number of charge

carriers, (7~ Thie Fhcnomenon is dependent primarily on rate of

energy abao:ption rather than total ionizing dose. Dependence on

do~e rate ia roughly linear in Cr-doped A12u3 near RT, although

this relationship does not hold ●t elevated tcmperaturea.

Temperature-dependence of radiation-induced conductivity ia com-

plex, poeaibly involving trapping, detrapping, recombination,
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~:.2/or scattering of charge carriers. TllL rc:.:~lt in A1203 is a

lessened temperature dependence (Fig. 3).(7)

A significant reduction in resistivity can bc cxpcctecl in

coils subjected to high rates of irradiation, either from ganzna or

IIcutron fluxes. Although measurements have rot been made at

cryogenic temperatures, the low irradiation rate beyond the shield

(on the order of 0.1 Gyle) suggests that radiation-induced

conductivity effects will be minimal at that point.

I)ielectric Strength

Dielectric breakdown of ceramics occurs by one of two

mechaniama, depending on temperature and length of time thst

voltage is applied. For low temperatures er short times the

&alanche mechanism prevails, in which ●lectron collision ioni-

zation and multiplication causes breakdown. Under other ccmdi-

ditions, thermal breakdown occurs via Joule heating. Cryogenic

magnets are expected to operate in the avalanche regime, whereas

near-room-temperature coils ❑ay be in either the avalanche or

thermal regime depending on material chosen and operating condi-

‘tions.

There ia no obvious reason why fine-scale st~uctural damage

should degrade the poat-irradiation dielectric breakdown strength

of a ceramic, unleaa microcracking occurs. Indeed, n~desradation

war observed in single-crystal A1203 irradiated to_2 x 1026 n/m2

at elevated temperatures and tested in the avalanche regime (Fig.

4).(9) Defects present included a high concentration of dislo-

cation and voids up t~ 100 ~ dia.(s)

Dielectric strength of polycryatalline A1203 is slightly

reduc’:d by an ionizing fl’ x of 6 Cy/s near roam temperature, but

above -17>°C no degradation was observed. The latter behavior

was attributed to a swamping of the ionization contribution by

thermal effeccs. These results suggsst that reduction in di-

electric strength may not be a problem for shielded magneto, but

that clooe-in coils (e.g., the divertor coil, where the neutron

contribution to ionization flux alone will be 1 to 100 Cy/a) may

suffer degradation.
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The lack of intense 14 MeV neutron SOLI:! .: ! as :-ti~ it

ncccssary to conduct high-dose neutron irradi:.li[ .. : L:’ .: :’ of

ceramics in fissic.n reactors. Calculations have been c~rricd out

to determine whether fission neutrons supply an adcq(l~tc :.iT:Iu-

lation of fusion neutrons. Results show that in 1ow-Z ceromics

(e.g., A1203, MgO, MgAlz04) the relative amo~mt of dama~e energy

deposited in the cation and anion sublattices is roughly the scme

for fast fission and for fusion neutrons (Fig.5). ’11) ~is isnot

the case, however with higl~-2 ceramica (e.g., TaO, U02), where

relative damage levels in the two sublattices differ for the two

neutron energies (Fig. 6).(11)

. These calculations also show that the ratio of cation to

anion displacements can be strongly dependent on displacement

thresholds and atomic masses. This observation has important

implications fur the nature of damage produced and the consequent

damage microstructure.

SUMMARY
.

1. It does not appear that irradiation problems will be

severe for ceramic insulators in well-shielded mngnctsi (e.g., the

toroidal field coils), unless ❑aterials particularly sensitive to

radiolysis are used.

2. Ceramic insulator for poorly-shielded magnets (e.g.,

divcrtor coils) could suffer significant degraclati(][]of structural

and electrical properties, making it important that proper mate-

rials choices be made.

3. More data are needed near room temperature for high-

dosc applications. Of particular importance are;

● fusion neutron data (LO be obLained when the Fusion-

MaLerials Irradiation Test Facility becoml’s available)

● damage reeuite obtained with the proper dp:l/gas atom

ratio (this can be supplied by irradiation of isoto-

pically-adjusted ceramics in a mixed-spectrum fission

reactor)

● measurement of electrical resiativity and dielectric

atpength during ●bsorption of iOnlZing enPrgy at appro-

priate rates.
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